Cocoa crop in Colombia is characterized by low technified systems, with yields below 500 kg ha -1 year -1 . Inappropriate application of cultural practices related to the lack of knowledge about cocoa phenology, as to the times and factors that induce flowering, shoot growth and fruit filling, is one of the principal causes. Phenology of cocoa clones CCN-51, ICS-95, FCH-25 y LK-40 was characterized in 4 years old trees, data were taken monthly for one year in a Tropical moist forest (T-mf), with unimodal rainfall regime, in the municipality of Chigorodó (Antioquia), coordinates 7° 36´ 52.5473´´ N, 76° 39´ 32.8495´´ W and 30 m above sea level, Mi Fortuna farm. The correlation (Spearman) between precipitation, water balance, number of hours with photosynthetically active radiation between 750 and 2200 µmol m -2 s -1 (PAR hours) and the maximum and minimum temperature with vegetative and reproductive variables was calculated. A significant correlation (p<0.001) between flowering and precipitation, water balance and PAR hours was found. Vegetative growth rate was controlled by fruit filling and harvest (source-sink ratio). The reproductive performance of LK-40 was superior to that of CCN-51 and similar to that of ICS-95 and FCH-25; clon CCN-51 showed the highest vegetative growth, but its reproductive performance was less than ICS-95 and LK-40.
Introduction
The cocoa plant (Theobroma cacao L.) is a tree native to lowland rainforests of the Amazon River basins (Motamayor et al., 2002 , Thomas et al., 2012 growing between 20° latitude North and South of the Equator. Its seeds are the main raw material used to make chocolate (Fedecacao, 2015) . Around 40-50 million people globally depend on cocoa for their livelihoods. In Colombia, cocoa is a traditional crop carried out by smallholders in hot climates with altitude between 0 and 1200 m it is an important source of employment. (Espinal et al., 2005) . The national production is completely absorbed by the food industry (Castellanos et al., 2007) . The production system has an average yield of less than 500 kg ha -1 year -1 . However, there are some technified plantations that can produce more than 2000 kg ha -1 year -1 (Fedecacao, 2015) . Reasons for the low productivity include the use of hybrids (instead of high-yielding clones), low planting densities (<800 trees ha -1 ), the lack of appropriate farm management techniques such as pruning, fertilization, and control diseases, due to ignorance of the floral phenology of cocoa trees, throw off branches and pod filling.
Plant phenology is poorly known for lowland tropical rain forest species (Borchert, 1983) , although this ecosystem has the greatest diversity of phenological patterns. These studies has been most developed in the temperate zone where patterns are based on date or season, and the frequency of cycles are often annual. In tropical zone annual, subannual, continual or supra-annual phenological behavior can be presented (Newstrom et al, 1994) . The vegetative and reproductive development are interrelated in all the plants, but in the trees the relations are considerably more complex for the structural heterogeneity, the periodic flowering and the alternation of periods of growth and dormant. Because of the importance and complexity of phenology, many studies have been conducted mostly in tropical environments especially for cocoa. Few methodological studies have focused on tree phenology in tropical forests as the framework for the classification of plant phenology proposed by Newstrom et al. (1994) based on flowering patterns of trees in tropical moist forests. This methodology distinguished four classes based on frequency, defined as the number of "on"/"of" cycles per year: continual, subannual, annual and supra-annual. Sakai (2001) proposed an additional class for the non-flowering trees. Newstrom et al. (1994) suggested several indices, including regularity, duration, frequency, synchrony, and amplitude defined as the quantity or intensity of response.
For the specific case of cocoa, various authors have established that cocoa exhibits a season-related phenological pattern of flowering (Alvim, 1977 , Omolaja et al., 2009 ), shoot-growth rhythms (Greathouse et al., 1971 ), physiological production model (Zuidema et al., 2005) , flower development (Swanson et al., 2008) , and seed filling duration (Hoopen et al., 2012) , among others. Niemenak et al. (2010) adapted the BBCH scale to describe the phenological growth stages of cocoa tree from germination up to tree senescence, independent of variation in timing.
Phenological studies are being used as a tool for planning of management practices (Righi et al., 2001) , for controlling plant diseases (Hoopen et al., 2012; Muller et al., 2004) , in the study of ecological interactions between species (Boyle y Bronstein, 2012; Borchert, 1983) and the development of applied research methodologies (Niemenak et al., 2010) . This research aims to characterize cocoa phenology in tropical moist forest conditions (bh-T), considering the great potential for production of this life zone both in Colombia and in the rest of the world.
Material and methods

Location
This study was conducted in the municipality of Chigorodó (Antioquia), coordinates 7 36'52.5473'' N, 76 39'32.8495'' W and 30 m above sea level, "Mi Fortuna" farm, located in the tropical moist forest (bh-T), according to the life zone classification system Holdridge adapted by Espinal (1977) to colombian conditions, with a unimodal precipitation regime.
Plant material
The evaluated clones were: CCN-51 (Universal), ICS-95 (Universal), LK-40 (Granja Luker 40), , with ear index of 15.6, 20.7, 15 .4 and 15.6 ears kg -1 and grain index of 1.5, 1.3, 1.4 and 1.5 g grain -1 , respectively. The 4-yearold trees are planted at 3 x 3 m distance for a total of 1111 trees ha -1 , in a shaded (Gliricidia sepium) distanced at 16 m.
Variables and Sampling
During one year, between July 2014 and July 2015, every half hour was recorded with a weather station; Decagon Devices Inc. for measuring precipitation, temperature, relative humidity, wind speed, photosynthetically active radiation (PAR) and global radiation. Data were used to calculate reference evapotranspiration with the DataTrac 3® program that uses a modified FAO Penman-Montieth equation (Decagon Devices Inc., 2015) , the water balance and the number of hours were measured by means of photosynthetically active radiation.
Every 30 days, measurements were made on 15 trees per clone, for counts of reproductive variables as number of open flowers, number of dry fruits, fruits from 0 to 2 months, from 2 to 4 months and more than 4 months. The dried fruits were removed from the trees in every sampling.
A branch was marked 30 cm from the apex in 10 trees of each clone. Every 30 days for one year, they were measured in length, number of buds on the main axis, number of branches developed and number of mature, and immature leaves to characterize the vegetative growth. The growth stages of the branches was described according to Greathouse et al. (1971) 
Statistical analysis
Relationship between climatic conditions and vegetative and reproductive cycles of cocoa A description of the meteorological variables was made with monthly data scatter plots. Precipitation, evapotranspiration, water balance and radiation hours of 750 to 2200 μmol m -2 s -1 were summarized as the period sum, and the average maximum and minimum temperature for the period. Estimates of reference evapotranspiration were made using the procedures given by Allen et al. (1998) . The correlation (Spearman) (95% confidence interval) between mete-orological factors and vegetative and reproductive growth variables was measured with the R Project "Hmisc" package (R Core Team, 2015) .
Characterization of the phenology of regional and universal clones
A comparison of the evaluated variables between clones and evaluation dates was performed by means of Kruskal-Wallis rank test (non-parametric test, 95% confidence level) and post hoc tests for multiple comparisons by the Conover method (Conover , 1999; Pohlert, 2014) with the "pgirmess", "agricolae" and "PMCMR" packages of R Project (R Core Team, 2015) . The duration of the phenological stages was established from the maximum event occurrence. Phenological stages were described according to the BBCH scale for cocoa. This scale considers 10 principal growth stages numbered from 0 to 9 which describes plant development from germination up to tree senescence, independent of variation in timing, and in each one considers 10 secondary growth stages numbered from 0 to 9, this combination gives a two-digit numeric code (Niemenak et al., 2010) . The vegetative and reproductive patterns were also determined (Newstrom et al., 1994; Boyle and Bronsten, 2012) .
For vegetative and reproductive variables, a Spearman's rank correlation analysis (95% confidence interval) was performed with the R Project "Hmisc" package (R Core Team, 2015) .
Results and discussion
Relationship between climatic factors and vegetative and reproductive cycles of cocoa
In the study area a unimodal rainfall regime was presented with a period of positive water balance between April and December and a negative water balance between January and March. Water availability was highest during the months of July (2015), November and September with values of 343, 291 and 270 mm month -1 , respectively. During the dry season the accumulated water deficit was 148.8 mm, being February the driest month with a deficit of 92 mm month -1 (Table 1) .
August and September presented the lowest temperature and the highest was presented between March and April (Table 1, Figure1). The lowest relative humidity occurred in March (64.1%), while the maximum values of this variable remained close to 100% throughout the year (Figure 2) .
The negative water balance between January/2015 and March/2015 in the study area (Table  1 ) favored floral induction of cocoa, the water supply from April stimulated flower development up to anthesis, evidenced in a peak flowering at the end of June, possibly a period equal to or greater than that observed by Swanson et al. (2008) that have a duration of 30 days from the flower primordium formation up to anthesis.
The maximum flowering rate of the CCN-51, ICS-95, LK-40 and FCH-25 clones coincided with a period of positive water balance (June), preceded by three months of drought (January to March) in which the number of flowers was the lowest within the study period (Table 2; Figure 3 ). There was a significant correlation between the number of open flowers and rainfall (p<0.001), also, between the total flowers and the water balance (p<0.001), with values of 0.34 and 0.39, respectively.
In this respect, Borchert (1983) has found that precipitation after dry periods was found to trigger anthesis in a similar way to that recorded in cocoa in this study area. In the same way, flowers formation in cocoa is stimulated by the transition from dry to rainy seasons as mentioned by Alvim (1977) and Omolaja et al. (2009) . Moser et al. (2010) reported that, to a 13-month desiccation period a reduction was observed in flowering and fruit set. Müller et al. (2004) managed to increase the number of flowers and prolong flowering periods of cocoa with hormonal manipulation and tree ringing during periods of water deficit. (2015) proposed a photoperiodic timing mechanism for the tropics based on the change in day length that is only large enough around the equinoxes (5 to 7 minutes in 20 days) to affect plant development. Floral induction could occur around the March equinox (for the study area), so that, to induce flowering cocoa, changes in day length could be an additional factor in the transition from dry to wet seasons. Adjaloo et al. (2012) found that, flowering of the cocoa trees are affected by high precipitation values, light intensity and temperature; however, rainfall had the greatest influence on the phenological cycle of the cocoa plant in the studied bh-T.
The number of fruits from 0 to 2 months had a significant correlation (p<0.001) with precipitation and water balance of 0.36 and 0.35, respectively. On the other hand, the number of fruits correlated significantly with PAR radiation (p<0.001) and ETo (p<0.001), reaching values of 0.28 and 0.29. The number of immature leaves showed a significant inverse correlation with precipitation (P value 0.018), water balance (p=0.029) and PAR hours between 750 and 2200 μmol m -2 s -1 (p= 0.018) with values of -0.10, -0.09 and -0.10. This means that, there is a higher number of immature leaves when there is low rainfall, as occurred in January and March (Table 3, Figure 3 ). In this sense, Moser et al. (2010) demonstrated that, soil moisture contents near of the theoretical permanent wilting point did not affect the production of leaves, branches, stems and roots in cocoa trees. The four clones studied showed the highest proportion of apical buds in the F1 and F2 stages (in growth and leaf development) (Table 4 ) and the highest growth of branches and number of immature leaves between January and March 2015, before the equinox (Tables 3 and 4) , this coincides with the concepts of Borchert (2015) who mentions that the vegetative development and the phenomenon of bud dormancy break in tropical trees is related to the increase in insolation which occurs before the equinoxes, usually in March and sometimes in August.
Characterization of the phenology of regional and universal clones
The CCN-51, ICS-95, LK-40 and FCH-25 clones achieved maximum flowering at stage BBCH 69 (Niemenak et al., 2010) between June and July 2015 (Figure 4 , 5, 6 and 7), when a positive water balance was presented, with an average of 145, 148, 104 and 32 flowers tree -1 day -1 , respectively; however, the FCH-25 ( Figure 5 ) and ICS-95 ( Figure 6 ) clones presented another lower intensity peak flowering at stage BBCH 65, from September to October 2014 and December 2014, with 27 and 67 flowers tree -1 day -1 , respectively (Table 2; Figures 3, 4 , 5, 6 and 7).
The ICS-95 clone developed the largest number of flowers with a total of 12778 flowers tree -1 year -1 , followed by CCN-51 with 11435 flowers tree -1 year -1 and the clones LK-40 and FCH-25 with 4982 flowers tree -1 year -1 (Table 5 ). According to Niemenak et al. (2010) cocoa can produce up to 120000 flowers tree -1 year -1 . Hasenstein & Zavada (2001) report that the TSH-565 clone produces more than 2000 flowers fruit -1 .
The CCN-51 and LK-40 clones presented an annual flowering pattern between June and July, while ICS-95 and FCH-25 had a sub-annual pattern, with two episodes in the year, one from June to July and the other from September to October. At the maximum flowering point a high synchrony was observed with a duration of 30 days (Figure 3) . Newstrom et al. (1994) found that in Costa Rica, 55% of the trees had subannual and annual 29% flowering patterns in tropical moist forest conditions. The predominant flowering type was the subannual pattern, as observed in cocoa. (Greathouse et al., 1971) The maximum number of fruits less than two months, corresponding from BBCH 70 to BBCH 71 stages (Niemenak et al., 2010 ) occurred between July and September for CCN-51 and LK-40; between September and October for FCH-25 and between October and December for ICS-95, with a significant correlation (p<0.001) of 0.52 with the number of open flowers. The maximum of fruits quantified was 63, 11, 13 and 28 fruits tree -1 sampling -1 , respectively.
The ICS-95 clone with less than 2 months of development reached the highest amount, followed by CCN-51 and LK-40, with no significant difference between the last two (p=0.980) and FCH-25 had the lowest average (Table 5) .
Fruits between two and four months, corresponding to maximum filling period (stages BBCH 72 to BBCH 79; Niemenak et al., 2010) were presented from August to December in CCN-51, from September to December in LK-40, and in ICS-95 and FCH-25 began in October and ended in December and February respectively ( Table 2 ). The clone ICS-95 reached fruit numbers significantly higher compared with the other clones ( Table 5) .
The highest fruit numbers in those with more than four months of growth (BBCH 80 to BBCH 89 stages) was presented between October and December for CCN-51, between August and December for LK-40 and in January for ICS-95 and FCH-25, with an annual fructification pattern at all cases (Table 2 , Figures 8 to 11 ). LK-40 and ICS-95 clones produced the highest amount of available fruit, without significant differences between them (p=0.627), surpassing CCN-51 and FCH-25 (p value 0.145). LK-40 and ICS-95 could be expected to produce a higher amount of fruit than CCN-51 and FCH-25, in bh-T. ICS-95 and FCH-25 clones retained this amount for only one month, while LK-40 did so for four months and CCN-51 for two months.
In a period of more than four months, with maximum presence of fruits, the average number reached was of 11 fruits tree -1 for CCN-51, 18 fruits tree -1 for ICS-95, 7 fruits tree -1 for LK-40 and 6 fruits tree -1 for FCH-25. The clones ICS-95 and FCH-25 retained this amount for only one month, while LK-40 do that for four months and CCN-51 for two months.
The fruit filling until harvest period (BBCH BBCH 89 70 stages) lasted for 210 days (July to February). In March, the lower amount of fruits for all the ages was quantified in the four studied clones, since the main harvest was completed in February.
The highest drying fruits occurred in the CCN-51 and ICS-95 clones, with no significant differences between them (P value 0.766), followed by LK-40 and FCH-25 (Table 5 ). A total of 166, 59, 44 and 40 fruits tree -1 were dried during the study period corresponding to 10.6, 2.8, 2.8 and 2.6 kg of dry cocoa tree -1 , considering the ear index of the clones respectively. There was a positive correlation between the number of dry fruits and fruits less than two months, and also from two to four months and greater than four months (p<0.001) of 0.28, 0.51 and 0.46, respectively. In other words, the drying fruit is related to the high quantity of fruit in filling, especially if more than two months have passed. In this sense, Alvim (1977) mentions that the fruits greater than 80 days are a much stronger sink than the small fruits, in relation with dry matter demand and increase, that reaches a maximum of 2 g day -1 between 98 and 112 days. Valle et al. (1990) confirm that fruits during the linear stage of growth (aged more than two months) are a sink capable of causing drying to those that are in the exponential stage of growth (less than two months), stating that the drying fruits is a mechanism used by trees to sustain their production, process that agrees with findings of this study. Groeneveld et al. (2010) found that an increase in yield of 350 g tree -1 were reached by increasing pollination from 10% to 40%; however, when pollinating 70% and 100% of the flowers, an increase occurred in the percentage of dry fruits or "cherelle wilt".
The phase of maximum fruit filling greater than two months (Table 2) showed the lowest number of flowers. In this respect Alvim (1977) mentions that the maximum period of fruit filling, expressed as the highest amount of dry matter of fruits in filling corresponds to the period of lowest flowering. Valle et al. (1990) found that by continuously removing all fruits in cocoa trees flowering increased, as there is a balanced of photoassimilate distributions between flowers and fruits. The assertions by Alvim (1977) and Valle et al. (1990) suggesting that fruit filling affects flowering, are consistent with the observations of the present study.
A significant inverse correlation was found between number of mature leaves and fruit numbers in the different growth stages (P <0.001), indicating that as the leaves become mature they contribute to the filling of the fruit and they fall, given their photoassimilates mobilization from source (leaves) to sink (fruits). Similarly, the number of immature leaves had a significant inverse correlation (P<0.001) with the number of fruits, showing that the fruits compete with leaf formation, which is the new sink. In the periods of higher fruit filling, the lowest growth rate of the branches (length-1) and the lowest number of mature leaves were observed in all clones studied (Tables 2  and 3 , Figure 12 ). Thus, during the periods of growth and filling of the fruits, vegetative growth was reduced. Buds were found during most of the year in F1 and F2 stages (growth and leaf development). Branch growth and new leaf development were reported from January and February, when most of the fruits were more than four months and the main harvest was being completed (Table 4) . The high apical bud activity in August did not produce significant increases in the length of branches nor in the development of leaves (Tables 2, 3 and 4), for the occurrence of this phenomenon in cocoa crops, the name of "failed flushing " is proposed ( Figure 13 ). The proportion of buds in dormancy (states I1, I2 and I3) reached 60% to 75% from August to March, then increased to 100% between June and July, coinciding with the period, flowering and fruit filling, in the smaller than two months phase. Reproductive growth predominates during this period.
Vegetative growth in the CCN-51, ICS-95, FCH-25 and LK-40 clones occurred when the fruits surpassed four months, between January and May (Tables 2 and 3 ) corresponding to the period of photoassimilate demand in these organs because they reach their maturation stage. Almeida & Valle (1995) mention that fruit growth rates decrease after 106 days of pollination and Hoopen et al. (2012) report that after reaching the maximum diameter, 87 days, fruit growth decreased, giving opportunity to vegetative growth, as observed in the clones studied.
The FCH-25, followed by CCN-51 and LK-40 and ICS-95 clones presented the highest elongation of branches (Table 6) , with annual average growth of 54, 37, 31 and 33 cm branch -1 , respectively. 
Conclusions
Both high solar radiation and high rainfall are the triggers of floral induction and the subsequent filling of the cocoa fruits, in bh-T. The vegetative growth rhythm is conditioned by the period of maximum fruit filling and harvest (source: sink ratio).
The LK-40 clone had a similar reproductive growth to that of ICS-95 and significantly higher than that of CCN-51, this suggests a great potential for its commercial implementation in tropical moist forest condition.
The FCH-25 and CCN-51 clones exhibited the highest vegetative growth, but their reproductive performance was significantly lower than that achieved by ICS-95 and LK-40.
The CCN-51, ICS-95, LK-40 and FCH-25 clones cross synchronously through the succession stages: flowering (30 days), fruit filling (210 days) and branch growth (120 days), with an annual periodicity, which correlates with the unimodal rainfall regime.
